This study was conducted to compare the safety and efficacy of intravenous epoetin alfa-epbx, an epoetin alfa biosimilar, to epoetin alfa in patients on hemodialysis with ESKD and anemia.
Introduction
Anemia is a common complication of CKD that results from insufficient production of erythropoietin by the kidneys and, therefore, reduced erythropoiesis (1) . Anemia often develops early in CKD (2, 3) and worsens with disease progression. Epoetin alfa, a genetically engineered recombinant human erythropoietin (rhEPO), is approved for the treatment of anemia in patients with CKD (4, 5) . Administration of epoetin in this patient population produces clinically significant increases in hemoglobin and reduces the need for transfusion (6) .
In 2014, Medicare beneficiaries with CKD represented 10% of the United States Medicare population, yet accounted for 20% of total expenditures (7) . In that same year, Medicare spending for patients on hemodialysis with ESKD reached $26 billion (8) and, in 2010, spending for erythropoiesis-stimulating agents (ESAs) in this patient population totaled $1.87 billion (9) . Biosimilar epoetins, which have been available in Europe since 2007 (10-14), have the potential to lower the costs of epoetin treatment and may offer a more affordable alternative (15) . The Biologics Price Competition and Innovation Act of 2009 (16) created an abbreviated licensure pathway for biosimilars in the United States. This legislation is reflected in US Food and Drug Administration (FDA) guidance that indicates that biosimilarity to a licensed (i.e., reference or originator) biologic product is established on the basis of the totality of the data derived from comparative analytical, nonclinical, and clinical pharmacology and safety and efficacy studies. Furthermore, clinical studies must be conducted in a relevant population to assess clinically meaningful differences between the proposed biosimilar and reference product (16, 17) .
Epoetin alfa-epbx (Hospira Inc.; Pfizer, Lake Forest, IL) was approved by the US FDA in May 2018 as a biosimilar of epoetin alfa (Amgen Inc., Thousand Oaks, CA) (18) . Epoetin alfa-epbx is identical in amino acid sequence and similar in carbohydrate composition to the reference product, epoetin alfa (19) . Our study was conducted to demonstrate the equivalence of epoetin alfa-epbx to epoetin alfa when administered intravenously (IV) to patients on hemodialysis with ESKD and anemia, on the basis of maintenance of hemoglobin levels and study drug dose requirements. Comparative safety and tolerability of epoetin alfa-epbx and epoetin alfa were also assessed.
Materials and Methods

Study Population
https://www-ncbi-nlm-nih-gov.medproxy.hofstra.edu/pmc/articles/PMC6086700/?report=printable 3/22 The original study protocol included male and nonpregnant female patients on hemodialysis with ESKD and anemia who, before randomization, were on stable IV epoetin alfa treatment one to three times per week for ≥12 weeks, and had stable hemoglobin (mean 10.0−12.0 g/dl). Patients were aged 18−75 years, on stable, adequate dialysis for ≥12 weeks, and had adequate iron stores (ferritin >100 μg/L and transferrin saturation [TSAT] >20%). Consultation with investigators and kidney dialysis experts indicated that a stable dosing period of 12 weeks would exclude the majority of patients from study and was not necessary to ensure adequate hematopoietic stability for study entry. Therefore, the protocol was amended to require that patients be on stable IV epoetin alfa treatment for ≥4 weeks before randomization. In addition, the target level of hemoglobin was changed from 10.0−12.0 to 9.0−11.0 g/dl to accommodate new US FDA requirements for patients on epoetin alfa. A subsequent protocol amendment extended the upper eligibility age range from 75 to 80 years, on the basis of medical judgment that patients between 75 and 80 years of age, who otherwise meet all protocol eligibility criteria, are representative of the general population intended for this study.
Patients were excluded if they had active, uncontrolled systemic inflammatory or malignant conditions; uncontrolled hypertension; recent myocardial infarction, stroke, major thrombotic event, seizure, or decompensated heart failure; required maintenance doses of epoetin alfa >600 U/kg per week; received long-acting ESAs within 12 weeks before randomization; or had recently donated or lost >475 ml of blood.
Study Design
This was a multicenter, randomized, active-controlled, parallel-group, double-blind study conducted to evaluate the comparative efficacy and safety of IV-administered epoetin alfa-epbx or epoetin alfa (one to three times per week) in patients on hemodialysis with ESKD and anemia on stable epoetin alfa treatment before randomization. The study consisted of a screening period (≤4 weeks), a 24-week double-blind treatment period, and a follow-up visit ( Figure 1 ). Patients who fulfilled entry criteria were randomized (1:1) at day 1 of the treatment period to receive either epoetin alfa-epbx or epoetin alfa at the same stable weekly dose of epoetin alfa received during the last week of screening. The randomization was not stratified.
During the treatment period, dosing for both study drugs was adjusted, in accordance with United States prescribing information for epoetin alfa (20, 21) , to maintain hemoglobin levels within the target range (9.0−11.0 g/dl). Decisions regarding dose adjustments were made at least weekly by the investigator, on the basis of hemoglobin concentrations over the previous 4 weeks and after proper assessment of iron status. A change of dosage was only recommended in patients with optimal iron status (TSAT >20% and plasma ferritin level ≥100 μg/L). Otherwise, the first step was to optimize IV iron supplementation (Supplemental Table 1 ). The frequency of dosing during the treatment period was determined at the investigator's discretion. Patients who discontinued study drug could remain in the study on a nonstudy drug standard-of-care ESA and complete scheduled study assessments for the remainder of the treatment period.
After completing the treatment period, all patients had the opportunity to enter an open-label, long-term, safety study under a separate protocol, and be treated with epoetin alfa-epbx for an additional ≤48 weeks.
Patients not entering the long-term safety study had a follow-up visit 4 weeks after the end of the treatment period, at week 28.
The protocol and all amendments were approved by an independent review board ( 
Study Drug
Epoetin alfa-epbx (Hospira Inc., Lake Forest, IL) was supplied as an aqueous, phosphate-buffered, isotonic solution, containing polysorbate 20. Epoetin alfa (Amgen Inc., Thousand Oaks, CA) was the reference product.
Assessments
At each weekly visit, hemoglobin, study drug dose per kilogram of body weight, vital signs, concomitant medications, adverse events (AEs), and transfusion information were assessed. All AEs were rated by the investigator for severity and relatedness to study drug. Physical examination and electrocardiograms were performed at screening, week 24, and follow-up. Blood was collected and chemistry, hematology, coagulation panels, and iron status were analyzed at screening, before initial dosing, monthly, and at follow-up. Blood was collected before initial dosing, at weeks 12 and 24, and at follow-up for assessment of anti-rhEPO binding antibodies by radioimmunoprecipitation and, if positive, for neutralizing anti-rhEPO antibodies by cell-based assay using current validated methods. All clinical laboratory tests were performed by a central laboratory.
Statistical Analyses
Considering a possible 30% attrition rate, 282 patients per group were planned to ensure a minimum of 197 patients per group; this allowed 90% power to determine equivalence for both coprimary end points using two-sided tests of equivalence at a 2.5% significance level. The primary efficacy analysis was conducted using the intent-to-treat (ITT) population: all patients who were randomized into the treatment period. Sensitivity analysis was performed using the per protocol population: a subset of ITT patients who, during the treatment period, had ≥4 weeks of treatment with the study drug, ≥4 weeks of hemoglobin level and dosing data collected while on the study drug, no use of other ESAs during the last 4 weeks of study drug administration, no transfusion during study conduct, and no important protocol deviations. The primary safety analysis was conducted using the safety population: all patients who received one or more dose of study drug treatment.
Demographic and baseline characteristics were summarized descriptively. Coprimary efficacy end points, calculated as the least squares mean difference between treatments in mean weekly hemoglobin level and mean weekly epoetin dose per kilogram of body weight, were derived from hemoglobin level and dose data collected during the last 4 weeks of treatment for the ITT population. For patients who did not have 4 weeks of hemoglobin and/or dose data during the last 4 weeks of the treatment period, the actual number of weeks was used in the calculation of mean weekly hemoglobin level and/or mean weekly epoetin dose per kilogram of body weight for the last 4 weeks of treatment. For patients with no weekly hemoglobin and/or dose data on treatment, baseline value hemoglobin and/or epoetin dose per kilogram of body weight was used as the mean weekly hemoglobin level and/or mean weekly epoetin dose per kilogram of body weight during the last 4 weeks of treatment.
Two-sided 95% confidence intervals (95% CIs) for the two least squares mean differences were calculated using analysis of covariance (containing effect for treatment and baseline value) and compared with prespecified equivalence margins. A hierarchical test strategy was used: if equivalence between the two treatments was concluded for mean hemoglobin level (i.e., two-sided 95% CI for the least squares mean difference resided within the ±0.5 g/dl equivalence margin), the difference in mean weekly epoetin dose per kilogram of body weight was tested; if equivalence was concluded for mean weekly epoetin dose per kilogram of body weight (i.e., two-sided 95% CI for the least squares mean difference resided within the ±45 U/kg per week equivalence margin), the equivalence of epoetin alfa-epbx and epoetin alfa in efficacy was concluded. The test on mean weekly epoetin dose per kilogram of body weight was only performed if equivalence for hemoglobin level was determined, therefore, no adjustment of α-values was required.
Treatment comparison of secondary efficacy end points was on the basis of the distribution type of the respective variables. The proportion of patients with a mean weekly hemoglobin level within the target range (9.0−11.0 g/dl) at weeks 12 and 24 and the proportion of patients receiving blood transfusions were summarized for each treatment group and analyzed by Fisher exact test. Mean weekly epoetin dose per kilogram of body weight was summarized using descriptive statistics and analyzed by t test (or Mann-Whitney-Wilcoxon test).
The safety evaluation included incidence of AEs, serious adverse events (SAEs; including death), and outof-range hemoglobin levels at any time during the treatment period; clinical laboratories; vital signs; postdialysis weight; 12-lead electrocardiogram; and concomitant medications. The original protocol specified analysis for incidence of hemoglobin levels <9.0 or >13.0 g/dl; however, the incidence of hemoglobin levels <8.0 or >12.0 g/dl was evaluated after a protocol amendment to accommodate new US FDA requirements for patients on epoetin alfa.
Results
Patient Disposition, and Demographic and Baseline Characteristics
Of the 1017 patients screened, 612 across 95 sites in the United States and Puerto Rico were randomized to receive epoetin alfa-epbx (n=306) or epoetin alfa (n=306) and constituted the ITT population ( Figure 2 ). The safety population consisted of 301 and 304 patients who received epoetin alfa-epbx and epoetin alfa, respectively. For the ITT population, the most common reason for study drug discontinuation was standard-of-care ESA use (epoetin alfa-epbx, n=42 [14%]; epoetin alfa, n=43 [14%]). Thirty-eight (12%) patients in the epoetin alfa-epbx group and 46 (15%) patients in the epoetin alfa group discontinued the study drug before week 24 of the treatment period, but remained in the study receiving a nonstudy drug standard-of-care ESA and completed the study procedures through week 24 ( Figure 2 ). Overall, 72 (24%) patients in each of the epoetin alfa-epbx and epoetin alfa groups received a nonstudy drug standard-of-care ESA for a mean duration of 9.8 and 9.4 weeks, respectively, during the trial.
Demographic and baseline characteristics were well matched between groups ( Table 1 ). The primary cause for CKD was either diabetes or hypertension in approximately 80% of patients in both groups; mean baseline hemoglobin was 10.4 g/dl and mean baseline weekly epoetin dose per kilogram of body weight was 107 U/kg per week; mean baseline ferritin and TSAT were 929 ng/ml and 34%, respectively. Patients in both groups had received dialysis treatments for a mean duration of 52 months. Antihypertensive agents were used by 86% and 91% of patients in the epoetin alfa-epbx and epoetin alfa groups, respectively, before entering the study, and by 87% and 92% of patients, respectively, as concomitant therapy. In the epoetin alfa-epbx and epoetin alfa groups, respectively, 205 (67%) and 204 (67%) patients received concomitant iron supplementation at some time during the treatment period. Other common prior and concomitant medications are summarized in Supplemental Table 2 . Five patients (epoetin alfa-epbx, n=2; epoetin alfa, n=3) tested positive for anti-rhEPO antibodies at baseline.
Efficacy End Points
For the primary analysis conducted on the ITT population, the least squares mean difference between epoetin alfa-epbx and epoetin alfa in mean weekly hemoglobin levels was −0.12 g/dl, with a 95% CI of −0.25 to 0.01 g/dl, which was contained within the prespecified equivalence margin of ±0.5 g/dl (Table 2) . Similarly, the least squares mean difference between epoetin alfa-epbx and epoetin alfa in mean weekly epoetin dose per kilogram of body weight was 0.37 U/kg per week, with a 95% CI of −10.40 to 11.13 U/kg per week, which was contained within the prespecified equivalence margin of ±45 U/kg per week ( ). Sensitivity analysis, conducted on the per protocol population, demonstrated the 95% CIs for the least squares mean differences in mean weekly hemoglobin levels and mean weekly epoetin dose per kilogram of body weight were contained within the respective equivalence margins ( Table 2) .
Analysis of secondary efficacy end points revealed the majority of patients in both treatment groups maintained hemoglobin levels within the range of 9.0−11.0 g/dl at week 24 (Table 3) . Approximately 6% of patients in each group received transfusions during the study (Table 3) . Over the 24-week treatment period, there was no statistically significant difference between epoetin alfa-epbx and epoetin alfa in mean weekly hemoglobin levels (P=0.76) or mean weekly epoetin dose by body weight (P=0.11) ( Figure 3 ).
Safety
Overall, 76.2% of patients in both treatment groups reported at least one AE. Common AEs, occurring in ≥5% of patients in either group, are presented in Table 4 . The incidence of hypertension, identified as an AE, which is common in epoetin-treated patients with ESKD on hemodialysis, was higher in the epoetin alfa-epbx group; however, analysis of BP showed no difference between treatments ( Figure 4 ). Nine (3.0%) patients receiving epoetin alfa-epbx and 11 (3.6%) patients receiving epoetin alfa discontinued the study drug because of AEs.
A total of 75 (24.9%) patients in the epoetin alfa-epbx group and 82 (27.0%) patients in the epoetin alfa group reported at least one SAE during the study. The most common SAEs (reported by four or more patients in either group) are presented in Table 4 . Five (1.7%) patients in the epoetin alfa-epbx group and 6 (2.0%) patients in the epoetin alfa group died. In the epoetin alfa-epbx group, SAEs resulting in death were azotemia (n=2) and sudden death of unknown cause, sepsis, and metabolic encephalopathy (n=1 each). In the epoetin alfa group, SAEs resulting in death were cardiac arrest (n=3), cardiorespiratory arrest (n=2), and metastatic lung cancer (n=1). All deaths were considered by the investigators as not related or probably not related to the study drug.
At any time during the treatment period, 16 (5.3%) and 33 (10.9%) patients receiving epoetin alfa-epbx and epoetin alfa, respectively, had hemoglobin levels <8.0 g/dl and, 65 (21.6%) and 70 (23.0%) patients, respectively, had hemoglobin levels >12.0 g/dl. Thus, ≥73.1% of patients receiving epoetin alfa-epbx and ≥66.1% receiving epoetin alfa did not have hemoglobin levels <8.0 g/dl or >12.0 g/dl.
Analysis of change from baseline in laboratory parameters, vital signs, and electrocardiograms demonstrated no notable changes within or between groups. Mean changes from baseline to week 24 for plasma ferritin (54.9 and 1.0 ng/ml for epoetin alfa-epbx and epoetin alfa, respectively) and TSAT (−0.9% and 0.7%, respectively) were clinically unremarkable. Throughout the treatment period, iron stores were replete and able to support erythropoiesis stimulated by epoetin for both groups. Furthermore, mean change from baseline to week 24 in C-reactive protein was similar between epoetin alfa-epbx (0.209 mg/dl) and epoetin alfa (0.300 mg/dl), and clinically unremarkable in the setting of patients with ESKD on hemodialysis. Using current validated methods, seven patients (epoetin alfa-epbx, n=3; epoetin alfa, n=4) were confirmed anti-rhEPO antibody-positive, of whom five (epoetin alfa-epbx, n=2; epoetin alfa, n=3) tested positive at baseline, and two (n=1 each per group) developed anti-rhEPO antibodies while on study treatment. For all patients, the titers at any anti-rhEPO antibody-positive time point were between <1:2 and 1:2, and all anti-rhEPO antibody-positive samples were negative for neutralizing anti-erythropoietin antibodies. All patients were clinically stable. Furthermore, no patient in either group developed pure red cell aplasia (PRCA).
Discussion
As part of an overall program to demonstrate the biosimilarity of epoetin alfa-epbx to the reference product epoetin alfa, this study compared efficacy and safety of the two IV treatments in patients with ESKD and anemia who were receiving hemodialysis. The coprimary end points centering on mean weekly hemoglobin levels and mean weekly epoetin dose per kilogram of body weight to maintain hemoglobin levels in the target range were selected as both are clinically relevant and sensitive to evaluate change. Hemoglobin is a well characterized biomarker that is indicative of efficacy of ESAs, and is a well established and clinically relevant end point for ESA product development. Furthermore, epoetin dose routinely requires some adjustment to achieve a particular target hemoglobin range (20, 21) . Thus, these two variables in tandem are appropriate and relevant for comparison of the efficacy of epoetin alfa-epbx versus epoetin alfa.
The equivalence margin of ±0.5 g/dl for the least squares mean difference in mean weekly hemoglobin levels was on the basis of hemoglobin variability seen in previous studies (22, 23) . The equivalence margin of ±45 U/kg per week for the least squares mean difference in mean weekly epoetin dose per kilogram of body weight was on the basis of previous studies demonstrating equivalence between originator epoetin (epoetin alfa; Janssen-Cilag Ltd., Buckinghamshire, UK) and a biosimilar epoetin (epoetin zeta; Hospira UK Limited, Hurley, UK) approved for use in the European Union (24) (25) (26) . Our results indicate that the least squares mean differences between treatment groups for both coprimary end points fell within the prespecified equivalence margins and demonstrated no clinically meaningful differences in efficacy between epoetin alfa-epbx and epoetin alfa. Sensitivity analysis and secondary efficacy end points corroborate this conclusion.
The AEs, including SAEs, observed in this study are consistent with those expected for an ESKD population receiving epoetin, were generally similar between the two groups, and concordant with the type and incidences of AEs described for epoetin alfa (20, 21) . SAEs resulting in deaths occurred in five and six patients in the epoetin alfa-epbx and epoetin alfa groups, respectively. The adjusted mortality rate for patients with ESKD on hemodialysis is 8.8-12.0 times higher than for the general Medicare population aged 65-74 years, and 3.8-4.0 times higher at age ≥75 years (8) . Furthermore, cardiovascular disease is the leading cause of mortality in this patient population, accounting for 54% of the deaths with known causes (8) . Therefore, the deaths from cardiovascular events that occurred in the epoetin alfa group in this trial are not unexpected.
All protein therapeutic drugs have the potential for immunogenicity (27) , and neutralizing antibodies to epoetin can result in PRCA or severe anemia (20, 21) . The presence of both binding and neutralizing anti-rhEPO antibodies was investigated throughout the study. Using current validated methods, seven patients were confirmed anti-rhEPO antibody-positive, including five who tested positive at baseline. However, no patient in either group developed neutralizing antibodies during the study and all patients were clinically stable. There were no reported events of PRCA or hypersensitivity consistent with immunogenic responses to epoetin in either treatment group.
Patients with ESKD and anemia who were receiving hemodialysis were selected for this comparative efficacy and safety study because this population is the most erythropoietin-deficient and least immunocompromised compared with other anemic patient populations for which epoetin is indicated. The patient population in this study is representative of the general population of patients with ESKD on hemodialysis. Therefore, the results of this study are generalizable to the broader population of patients with ESKD on hemodialysis.
Using an equivalence design, similarity was established between epoetin alfa-epbx and epoetin alfa. One limitation of the study is that patients were permitted to switch from the study drug to a nonstudy drug standard-of-care ESA and remain in the trial. However, it is unlikely that nonstudy drug standard-of-care ESA exposure influenced the efficacy results, as the primary analysis of the coprimary efficacy end points, using data from the last 4 weeks of treatment, was corroborated using the per protocol population, which excluded patients receiving nonstudy drug standard-of-care ESA during the last 4 weeks of treatment. The 24-week duration of the study also limited the duration of evaluation of epoetin alfa-epbx treatment.
Another limitation of the study is that it did not evaluate correlates of ESA hyporesponsiveness, such as elevated parathyroid hormone levels (28) , or characterize ESA resistance. However, parathyroid hormone levels may not be a strong predictor of ESA response (29) , and randomization of patients to the study drug would be expected to generate comparable treatment groups with similar incidence of secondary hyperparathyroidism and/or other risk factors of ESA resistance. Furthermore, baseline hemoglobin and ESA dose data are consistent with those reported for patients in the United States with ESKD on hemodialysis at the time of the study (8) and do not indicate ESA resistance.
Strengths of this trial include a large sample size, its double-blind nature, use of the ITT population as the primary analysis population, dosing of study drug according to established standard-of-care guidelines (20, 21) , rigor associated with coprimary end points required to demonstrate equivalence in efficacy, and robustness added by the sensitivity analysis and secondary end points. Long-term safety and efficacy of epoetin alfa-epbx have been evaluated in a 48-week, open-label, extension trial.
Approximately 80% of patients in the United States with prevalent ESKD are covered by Medicare, which reimburses dialysis providers at a bundled rate that includes the cost of ESAs such as epoetin (8) . However, Medicare reimbursement under the bundled payment system may be insufficient to cover the costs of services, placing financial strain on dialysis facilities that could limit their operation or services, affect the quality of patient care, or lead to closure (30, 31) . Availability of lower-cost epoetin biosimilars could generate savings for dialysis providers and help to ensure patient access to high-quality care. The results of this study demonstrating no clinically meaningful differences in efficacy and safety between epoetin alfa-epbx and epoetin alfa support the opportunity to expand the benefits of erythropoietin therapy to more patients at a lower overall cost.
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Supplementary Material
Supplemental Data: Mean (SD) hemoglobin level on the basis of data for 300 patients treated with epoetin alfa-epbx. Baseline anti-rhEPO antibody samples were missing because of the sample not being drawn or sample handling. Missing samples were to be redrawn at the following visit, but were not considered baseline values. Analyses for primary cause of CKD were determined using the intent-to-treat population (epoetin alfa-epbx, n=306; epoetin alfa, n=306). ITT, intent to treat; 95% CI, 95% confidence interval.
Figures and Tables
The 95% CI for the least squares mean of the difference (epoetin alfa-epbx-epoetin alfa) in mean weekly hemoglobin had to reside within the equivalence margin of ±0.5 g/dl for equivalence to be concluded. One patient in each group did not have dose data reported at baseline. Therefore, primary analysis of mean weekly epoetin dose by body weight during last 4 wk of treatment in the ITT population is on the basis of data for 305 randomized patients in each treatment group. The 95% CI for the least squares mean of the difference (epoetin alfa-epbx-epoetin alfa) in mean weekly epoetin dose per kilogram of body weight had to reside within the equivalence margin of ±45 U/kg per week for equivalence to be concluded. Secondary efficacy end points were analyzed using the intent-to-treat population. Percentages were calculated using the number of observations at week 24 within a treatment group as the denominator.
Percentages were calculated using the number of patients participating in the trial at any time during the treatment period within a treatment group as the denominator. There was no statistical difference in mean weekly hemoglobin levels (P=0.76) or mean weekly epoetin dose per kilogram of body weight (P=0.11) between the two treatment groups over 24 weeks. 
